Abstract. We theoretically investigate a high sensitive photonic crystal integrated biosensor array structure which is potentially used for label-free multiplexed sensing. The proposed device consists of an array of three sandwiched H0 cavities patterned above silicon on insulator (SOI) substrate; each cavity has been designed for different cavity spacing and different resonant wavelength. Results obtained by performing finite-difference time-domain (FDTD) simulations, indicate that the response of each detection unit shifts independently in terms of refractive index variations. The optimized design makes possible the combination of sensing as a function of location, as well as a function of time in the same platform. A refractive index sensitivity of 520nm/RIU and a quality factor over 10 4 are both achieved with an accompanied crosstalk of less than -26 dB. In addition, the device presents an improved detection limit (DL) of 1.24.10 -6 RIU and a wide measurement range. These features make the designed device a promising element for performing label-free multiplexed detection in monolithic substrate for medical diagnostics and environmental monitoring.
Introduction
Label-free optical biosensors have recently attracted increasing interest for high-performance quantitative measurements without heterogeneity labeling provided by the fluorescent techniques. In particular, photonic crystal (PhC) biosensors, because of their strong capability to manipulate light propagation, their miniaturized size, their high spectral sensitivity and their minimal sample preparation, have generated substantial attention as an attractive candidate for available labelfree systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The performance of these biosensors is evaluated by the ability to detect the small change of refractive index (RI). For resonant biosensors, this ability is expressed in terms of quality (Q) factor and sensitivity (S). The Q-factor is defined as Q=λ 0 /∆λ, where λ 0 is resonance wavelength and ∆λ is the linewidth of the resonance peak, It represents the strength of light confined in a cavity. The sensitivity of a device is reflected by the magnitude of light-matter interaction. Among all the different biosensor designs that have been developed, the biosensors based on PC coupled waveguide micro-cavities systems have attracted significant interests due to their compact size, high Qfactor and high S [10] [11] [12] [13] [14] [15] . However, the design drawback of these biosensors is that they typically operate as point or single detection unit and the number of targets which can be screened for at once is relatively small. Recently, in order to overcome this drawback and to detect different analytes simultaneously on a single platform, sensor arrays using PhC have been developed. Examples of such systems include that of Mandal et al. [16] who have firstly proposed a nanoscale optofluidic sensor array based on 1D PhC silicon waveguide for label-free detection of biomolecular interactions in aqueous environments. Yang et al. [17] who have demonstrated a nanoscale PhC sensor array on monolithic substrates using a sidecoupled resonant cavity. Olyaee et al. [18] have also demonstrated a sensor array based on side coupled H1 cavities to PhC waveguide where sensitivity of 165.45nm/RIU was obtained. In order to efficiently increase the integration density of sensor array and restrain the crosstalk between adjacent PhC sensors, Yang et al. [19] have reported the investigation of an integrated sensor array based on H0 cavities side coupled to parallel output waveguides with crosstalk value lower than -4dB. Further, Liu et al. [20] have proposed an optical PhC sensor based on a channel-drop configuration with a reflector and an additional PhC cavity. Simulation and experimental results showed a good agreement with RI sensitivity of 153nm/RIU. Recently, In order to reduce the crosstalk effect Huang et al [21] have proposed a label-free integrated ring-slot sensor array structure that exhibits a Q factor of 11.000 and a crosstalk value of less than -25.8 dB in water environment. This work aims to investigate a high sensitive PhC integrated biosensor array structure, which is potentially used for label-free multiplexed sensing in aqueous environment. In order to further improve the detection level and simultaneously restrain the crosstalk value between the adjacent biosensors, the well-known technique of wavelength division multiplexing to spatially separate the integrated biosensor is used. Results obtained by performing FDTD simulations indicate that the response of each sensor unit to the RI variation is completely independent and the resonance spacing between the adjacent sensors is wide enough to ensure high multiplexed detection.
PHC sandwiched cavity design
In order to efficiently enhance the integration density of biosensor array and restrain crosstalk value between the adjacent detection units, the sandwiched cavity design is proposed where the operation of the proposed device as a biosensor is based on a cavity coupled waveguide system. The two waveguides are obtained by removing one row of air holes in the x direction. They are used to couple light in and out of the PhC cavity. As shown in Fig. 1 , the proposed structure consists of a hexagonal lattice of air holes (r=180.5 nm) patterned periodically with a lattice constant a (a=475 nm) on a silicon on insulator (SOI) slab with an effective index of n eff =2.87 which corresponds to the effective index of the fundamental guided TE mode in a 230 nm thick silicon slab on silicon dioxide at the wavelength of 1550 nm. Perfectly matched layers (PML) conditions have been considered in the calculations to ensure no back reflection in the limit of the analyzed region [22] . In the simulation process, a TE polarized Gaussian optical pulse, covering the whole frequency-range of interest, is launched at the input port to excite the cavity modes. A power monitor was placed at the end of the output waveguide to measure transmitted signal. For improving accuracy in the simulation, the 2D-FDTD analysis from the commercial RSoft software was carried out with a grid size of 0.01.
Obtained high RI sensitivity S (∆λ/∆n), which is defined as the ratio of the shift in the wavelength (∆λ) to the change in the RI due to analyte infiltration (∆n), depends largely on the increase of both the sensing surface and the Q factor value which increases the ability of the device to detect not only small concentrations, but also small changes in the analyte concentration. This can be achieved by increasing the radius of the central cavity hole (R c ). The variation tendencies of the Q factor and the resonance wavelengths according to Rc change from 0.579a to 0.621a are plotted in Fig.2 . According to the simulation results, we can note that, by increasing the radius of the central defect hole, the resonant peak shift to shorter wavelength (blue-shift) due to the decrease of the high-dielectric material in the cavity region. Similarly the Q factor gets promoted with the increase of R c followed by a slight decrease and as seen in Fig.2 the air hole radius of Rc = 0.603a leads to an optimal design with a Q factor of 92963. It is essential to note that for biosensing applications, the magnitude of the resonant wavelength shift is dependent on the combination of many factors such as the number of functionalized holes and the effective refractive index change of targets. To study the dependence of the sensitivity on the number of functionalized holes, we varied the number of holes being functionalized (N) (filled with the analyte (DI-Water n=1.33) including the central defect hole and the surrounding holes around the resonant cavity. The transmission spectra corresponding to the different infiltration cases (N varies from 1 hole being functionalized to the total filling of the PhC structure) are depicted in Fig.3 . As can be seen in this figure, the resonant wavelength shift gets larger as the number of functionalized holes increases, which is due to the reduced effective refractive index between the infiltrated holes and the semiconductor membrane [23] , as a result, the sensitivity becomes higher. The variation tendencies of the Q factor and sensitivity as a function of the change in the number of functionalized holes (N) that corresponds to the different local infiltration cases are shown in Fig. 4 . As indicated in this figure, the sensitivity is enhanced by increasing the number of functionalized holes, whereas the Q factor is declined. Therefore, it has been necessary to choose a trade-off between the Q factor and the RI sensitivity. According to the obtained results, The optimal Q factor of 35718 and the improved sensitivity of 534.54 nm/RIU are both achieved for N=7 where the resonance peak is located at 1504.5 nm (Fig.5) . These values present a large figure of merit compared to the finding of previous similar studies [13] [14] [15] . Further, we research the detection limit of refractive index, which is an important parameter in sensing applications. The detection limit of refractive index changes (DL) is expressed as follows [24] :
Where λ 0 represents the resonant wavelength, which is equal to 1504.5 nm, S is the RI sensitivity and Q means the quality factor. Based on the above results the calculated detection limit of the proposed biosensor is about 7.88х10 − 6 RIU.
PhC biosensors array design
Based on the design and discussion about the use of the sandwiched cavity as a RI biosensor in the above section, we demonstrate a PhC biosensor array with different three cavity spacing's and different resonant wavelengths integrated into a multiplexed array structure. As shown in Fig.6 , the specific parameters of the PhC biosensor array are set as follows: PhC-S1: R c1 =285; PhC-S2: R c2 =291, 5 nm; PhC-S3: R c3 =278, 5 nm. As it can be seen in Fig.7 , the transmission efficiencies have response peaks at 1517.3 nm, 1547.2 nm and 1575.3 nm in water environment (RI = 1.33) with respect to the green, blue and red solid lines. It can also be noted that the three resonant wavelengths lie in the telecommunication wavelength region with an appropriate resonant spacing and as expected they exhibit high transmission efficiency. The steady-state electric field profile for the fundamental TE-like mode propagation through the three cavities is shown in Fig.8 . It can be clearly seen that the light is strongly confined within each resonant cavity, which means that the photon lifetime is enhanced and therefore higher Q factors can be achieved. The calculated Q factors of the three peaks are equal to 44360, 28710 and 25029 respectively. These values showed an improvement in respect to other reports [17] [18] [19] 21] . 
Sensing properties analysis of the integrated PhC biosensors array
To analyze the RI sensitivity of the PhC integrated sensor array in aqueous environment, the RI of the functionalized area of three biosensors is changed, respectively. Fig.9 shows the composed transmission spectra of the three sandwiched cavities (PhC S1, PhC S2, PhC S3) when the functionalized area of one biosensor is under RI changes and the others aren't. As it can be seen from this figure, the shift occurs only with the functionalized biosensors while the others remain completely unchanged. It can also be noted that the spectral position of the resonating peak detected at the end of output waveguides shifts towards longer wavelengths (red-shift) as the RI of the biosensor functionalized area is increased by 1.330, 1.335, 1.340,  1.345, 1.350, 1.355, 1.360, 1.365, 1.370, 1.377 , respectively, which is in good agreement with the previous works [21] , [25] . Fig. 9 . The transmission spectra of the three sandwiched cavities (PhC S1, PhC S2, PhC S3) when the functionalized area of one sensor is under refractive index variations and the others are not. According to these results, the calculated RI sensitivities (S=∆λ/∆n) of the three biosensors are S1=440 nm/RIU, S2=520 nm/RIU and S3=400 nm/RIU, respectively. Based on Equation (1) the calculated detection limit of the proposed biosensor array is about 6.58x 10-6 RIU. These results are favorably comparable to the similar reported works [19, 21] . 
Positioning

Crosstalk analysis of the integrated PhC biosensors array
The crosstalk between each biosensor unit is an important index for evaluating the component performances. In this section, the crosstalk between each other adjacent detection unit is analyzed by performing a detailed simulation and by calculating the extinction ratio (ER) which is defined by the following equation: [21] ‫ܴܧ‬ = 10 ‫݈݃‬ ் ் (2) Fig. 11 . The crosstalk (dB) between each other adjacent biosensor unit in the proposed biosensor array, when (a) PhC-S1, (b) PhC-S2, and (c) PhC-S3 is under the refractive index variations, respectively and the other biosensors are not.
Where: T:
The maximum transmission efficiency of one sensor at the resonant frequency ω 0 when the RI sensing area of this sensor is varied; Ti: The minimum transmission efficiency of other adjacent sensors at the same the resonant frequency; The calculated crosstalk between each other adjacent biosensors (PhC-S1, PhC-S2 and PhC-S3) in the proposed structure is shown in Fig. 10 . The crosstalk is calculated when one sensor is exposed to RI variations and the others are not. As seen in this figure the crosstalk between each other adjacent sensor unit in the proposed PhC biosensor array lower than -26dB is observed. The mean crosstalk value for the three sensors has been estimated to be lower than −26.12 dB. The obtained value has shown a great improvement compared to recent reported works [19, 26] . Furthermore, this value is in a good agreement with the results shown in [21] , where the structural design proposed in this study is less complex. This low crosstalk value could potentially be very useful for monolithically integrated and multiplexed sensing technology.
Conclusion
In summary, a high sensitive PhC multiplexed biosensor array for label free biodetection has been reported and theoretically demonstrated. The parameters of each biosensor unit have been determined by adjusting the diameter of the central cavity hole, so that, the spectral response of each detection unit appears in telecom range. Simulation results indicated that the response of each biosensor to the RI variations was completely independent and the resonance spacing's between the adjacent ones were wide enough to ensure high parallel detection with an extremely low crosstalk value of -26.3 dB. Considering water absorption at telecom wavelength range, a RI sensitivity of 530 nm/RIU and a Q factor of 44360 have been both achieved with a detection limit of less than 6.57x10 -6 RIU. The specific results suggest that the proposed device is a promising candidate for performing label-free multiplexed detection in monolithic platform.
